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Diffraction patterns produced by fast He atoms grazingly impinging on a LiF(001) surface are
investigated focusing on the influence of the beam collimation. Single- and double- slit collimating
devices situated in front of the beam source are considered. To describe the scattering process
we use the Surface Initial Value Representation (SIVR) approximation, which is a semi-quantum
approach that incorporates a realistic description of the initial wave packet in terms of the collimating
parameters. Our initial wave-packet model is based on the Van Cittert-Zernike theorem. For a single-
slit collimation the width of the collimating aperture controls the shape of the azimuthal angle
distribution, making different interference mechanisms visible, while the length of the slit affects the
polar angle distribution. Additionally, we found that by means of a double-slit collimation it might
be possible to obtain a wide polar angle distribution, which is associated with a large spread of the
initial momentum perpendicular to the surface, derived from the uncertainty principle. It might be
used as a simple way to probe the surface potential for different normal distances.
PACS numbers: 34.35.+a,79.20.Rf, 37.25.+k
I. INTRODUCTION
In the last time grazing-incidence fast atom diffraction
(GIFAD or FAD) [1, 2] has emerged as a powerful sur-
face analysis technique that allows one to inspect ordered
surfaces, providing detailed information on their morpho-
logical and electronic characteristics [3–5]. The extreme
sensitivity of FAD patterns to the projectile-surface in-
teraction relies on the preservation of quantum coherence
[6–9], and in this aspect the collimating conditions of the
incident beam play an important role. In particular, re-
cent experimental [10] and theoretical [11] works have
shown that FAD patterns are strongly affected by the
width of the collimating aperture, which determines that
two different mechanisms - Bragg diffraction or supernu-
merary rainbows - can be alternatively observed.
In this article we theoretically investigate the influence
of beam collimation on FAD spectra by considering not
only a single-slit but also a double-slit collimating de-
vice. In the model, the transversal coherence size of the
initial wave packet associated with the incident particle
is determined from the collimating conditions by means
of the Van Cittert-Zernike theorem [12], while the elastic
atom-surface scattering is described within a recently de-
veloped semi-quantum approach, named Surface-Initial
Value Representation (SIVR) approximation [13]. The
SIVR method offers a clear representation of the main
mechanisms of the process in terms of classical trajecto-
ries through the Feynman path integral formulation of
quantum mechanics [14]. It includes an approximate de-
scription of classically forbidden transitions on the dark
side of the rainbow angle, giving a successful represen-
tation of the experimental FAD patterns over the whole
angular range [11, 13], without requiring the use of con-
volutions to smooth the theoretical curves [15].
The SIVR approximation is here applied to evaluate
FAD patterns for He atoms grazingly impinging on a
LiF(001) surface after going through a collimating aper-
ture formed by one or two parallel slits. The size and sep-
aration of such slits, which limit the effective size of the
extended incoherent beam source, determine the aspect
of FAD patterns, making different interference mecha-
nisms visible. The paper is organized as follows. The
theoretical formalism is summarized in Sec. II. Results
for different sizes of the collimating apertures are pre-
sented and discussed in Sec. III, while in Sec. IV we
outline our conclusions. Atomic units (a.u.) are used
unless otherwise stated.
II. THEORETICAL MODEL
We consider an atomic projectile (P ), with initial mo-
mentum ~Ki, which is elastically scattered from a crystal
surface (S), ending in a final state with momentum ~Kf
and total energy E = K2f/(2mP ) = K
2
i /(2mP ), mP be-
ing the projectile mass. The frame of reference is located
on the first atomic layer, with the surface contained in
the x−y plane, the x̂ versor along the incidence direction
and the zˆ versor oriented perpendicular to the surface,
aiming towards the vacuum region (see Fig. 1).
Within the SIVR approximation [13], the amplitude
per unit of surface area S for the transition ~Ki → ~Kf
reads
A
(SIV R)
if =
1
S
∫
S
d
−→
R o fi(
−→
R o)
∫
d
−→
Ko gi(
−→
Ko)
× a(SIV R)if (
−→
R o,
−→
Ko), (1)
where a
(SIV R)
if (
−→
R o,
−→
Ko) is the partial transition ampli-
tude associated with the classical projectile path ~Rt ≡
~Rt(−→R o,−→Ko), with −→R o and −→Ko being the starting posi-
tion and momentum, respectively, at the time t = 0. The
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2functions fi(
−→
R o) and gi(
−→
Ko) describe the profiles of the
position and momentum distributions of the initial wave
packet, which depend on the beam collimation.
In Eq. (1) the starting position can be expressed as−→
R o =
−→
R os + Zoẑ, where
−→
R os = Xox̂ + Yoŷ is the com-
ponent parallel to the surface plane and Zo is a fixed
distance, here chosen as equal to the lattice constant, for
which the projectile is hardly affected by the surface in-
teraction. The partial transition amplitude a
(SIV R)
if reads
a
(SIV R)
if (
−→
R o,
−→
Ko) = −
+∞∫
0
dt
|JM (t)|1/2 eiνtpi/2
(2pii)9/2
VSP ( ~Rt)
× exp
[
i
(
ϕ
(SIV R)
t −
−→
Q · −→R o
)]
, (2)
where VSP represents the surface-projectile interaction,−→
Q = ~Kf − ~Ki is the projectile momentum transfer, and
ϕ
(SIV R)
t =
t∫
0
dt′
[
1
2mP
(
~Kf −−→P t′
)2
− VSP ( ~Rt′)
]
(3)
is the SIVR phase at the time t, with
−→P t = mP d ~Rt/dt
the classical projectile momentum. In Eq. (2) the
Maslov function [16]
JM (t) = det
[
∂ ~Rt(−→R o,−→Ko)
∂
−→
Ko
]
= |JM (t)| exp(iνtpi) (4)
is a Jacobian factor (a determinant) evaluated along
the classical trajectory ~Rt, with |JM (t)| the modulus of
JM (t) and νt an integer number that accounts for the sign
of JM (t) at a given time t, satisfying that every time that
JM (t) changes its sign along the trajectory, νt increases
by 1.
In this work we consider a collimating device formed
by n equivalent rectangular apertures (with n = 1 or 2)
placed in front of an extended incoherent beam source.
Each of the rectangular openings is oriented in such a
way that the corresponding transversal width, dy, is par-
allel to the surface (i.e. parallel to the ŷ versor), while
the side of length dx forms an angle θx = pi/2 − θi with
the surface (i.e. with the x̂ versor), with θi being the
glancing incidence angle, as depicted in Fig. 1. We as-
sume that the spatial profile of the coherent initial wave
packet at a distance Zo from the surface is determined
by the complex degree of coherence µn(Xo, Yo) [12, 17].
Extending the Van Cittert-Zernike theorem [12] to deal
with an atomic beam passing through the collimating
opening, µn(Xo, Yo) can be expressed as
|µn(Xo, Yo)|2 = j20(
pidx
λ⊥Lc
Xo)j
2
0(
pidy
λLc
Yo) (5)
× cos2((n− 1) pib
λ⊥Lc
Xo),
where n = 1, 2, represents the number of collimating slits,
Lc is the collimator-surface distance, b is the distance
between the centers of the slits, and j0(x) is the spherical
Bessel function. The de Broglie wavelengths λ and λ⊥
are defined as
λ = 2pi/Ki, and λ⊥ = λ/ sin θi, (6)
respectively, this last one being associated with the initial
motion normal to the surface plane. At this point it
should be mentioned that Eq. (5) represents a limit case
of a more rigorous expression, given by Eq. (A.8), whose
calculation involves a numerical integration. Details of
its derivation are given in the Appendix.
For small Xo and Yo values, the spatial profile of
the initial wave packet
∣∣∣fi(−→R os)∣∣∣2 ' |µn(Xo, Yo)|2 can
be approximated as a product of Gaussian functions,
G(ω, x) = [2/(piω2)]1/4 exp(−x2/ω2), as
fi(
−→
R os) = G(σx, Xo)G(σy, Yo), (7)
where the parameters σx and σy determine the transver-
sal coherence size of the initial wave packet [18]. Such
parameters were obtained from a numerical fitting, read-
ing
σx =
λ⊥√
2
Lc
Dx(n)
, σy =
λ√
2
Lc
dy
, (8)
with Dx(1) = dx for a single-slit collimator and Dx(2) =
b for a double-slit one.
Concerning the starting momentum
−→
Ko, since we are
dealing with an incident beam with a well defined energy,
i.e., ∆E/E  1 [10], it satisfies energy conservation, with
K0 =
∣∣∣ ~K0∣∣∣ = √2mPE. Therefore, the momentum profile
of the initial wave packet, gi(
−→
Ko), can be replaced by the
angular profile
gi(
−→
Ko) ' gi(Ωo) = G(σθ, θo − θi)G(σϕ, ϕo), (9)
where Ωo ≡ (θo, ϕo) is the solid angle corresponding to
the
−→
Ko direction. The angular widths of the θo- and ϕo-
distributions are derived from Eq. (7) by applying the
Heisenberg uncertainty relation [19], reading
σθ =
λ⊥
2σx
, and σϕ =
λ
2σy
, (10)
respectively.
Finally, by replacing Eqs. (7) and (9) in Eq. (1), the
SIVR transition amplitude can be expressed as
A
(SIV R)
if =
mPKi
S
∫
S
d
−→
R os fi(
−→
R os)
∫
dΩo gi(Ωo)
×a(SIV R)if (
−→
R o,
−→
Ko), (11)
where a
(SIV R)
if is given by Eq. (2). Details of the deriva-
tion of the SIVR method are given in Refs. [11, 13].
3III. RESULTS
With the aim of studying the dependence of FAD pat-
terns on the collimation conditions we apply the SIVR
method to 1 keV 4He atoms impinging on a LiF(001)
surface along the 〈110〉 channel, with the incidence angle
θi = 0.99 deg. For this collision system, experimental
results obtained by using a single collimating aperture
with different widths were reported in Ref. [10].
In this section, results for single-slit and double-slit
collimating devices situated in front of an extended in-
coherent beam source, at a distance Lc = 25 cm from
the surface [10], will be separately analyzed. The size of
the beam source and its distance to the collimator were
chosen as e ' 1 cm and Le ' 100 cm, respectively, falling
within the range where Eq. (5) is valid, as given by Eq.
(A.10) [20]. We emphasize that different collimation con-
ditions can modify the coherence lengths defined by Eqs.
(8) and (10), affecting our results. In a more general case,
the transversal coherence size should be derived from the
rigorous calculation of Eq. (A.8).
The SIVR differential probability for elastic scattering
with final momentum ~Kf in the direction of the solid
angle Ωf ≡ (θf , ϕf ) was derived from Eq. (11) as [13]
dP (SIV R)/dΩf = K
2
f
∣∣∣A(SIV R)if ∣∣∣2 , (12)
with θf being the final polar angle, measured with re-
spect to the surface, and ϕf being the azimuthal angle,
measured with respect to the x̂ axis (Fig. 1). The tran-
sition amplitude A
(SIV R)
if was obtained from Eq. (11)
by employing the MonteCarlo technique with more than
4×105 points in the −→R os− and Ωo− integrations. Like in
Refs. [11, 13], the projectile-surface interaction was eval-
uated with a pairwise additive potential that includes no
local terms of the electronic density in the kinetic and
exchange contributions, as well as projectile polarization
and rumpling effects.
A. Single collimating slit
We start analyzing the influence of the width of a sin-
gle collimating aperture, dy, which determines the effec-
tive length of the extended beam source in the direction
transversal to the incidence channel. In Fig. 2 we show
two-dimensional projectile distributions, as a function of
θf and ϕf , derived within the SIVR approximation by
considering single collimating slits with the same length
- dx = 1.5 mm - but different dy. For the narrowest
aperture - dy = 0.1 mm - the final angular distribu-
tion presents thin peaks associated with Bragg diffrac-
tion, which are situated at azimuthal angles that verify
[21]
sinϕf = mλ/ay, (13)
where m is an integer number that determines the Bragg
order and ay is the length of the reduced unit cell along
the ŷ direction. From Fig. 2 we observe that the width of
these Bragg peaks notoriously increases as dy augments.
In particular, for dy = 0.6 mm, Bragg interference is
almost completely blurred out and intense rainbow max-
ima at the outermost azimuthal angles of the angular
spectrum arise [22]. For wider collimating apertures, i.e.,
dy ' 0.8 mm, Bragg peaks fade out, giving way to su-
pernumerary rainbow structures in the final projectile
distribution. As discussed in Refs. [10, 11], this behav-
ior is associated with the transversal length Dy of the
area S of the surface plane that is coherently illuminated
by the incident beam. The transversal length of the co-
herently illuminated region can be estimated from Eq.
(5) as Dy = 2
√
2σy [11], being inversely proportional to
dy, as given by Eq. (8). Hence, for the narrower col-
limating apertures of Fig. 2 several reduced unit cells
in the direction transversal to the incidence channel be-
come coherently illuminated by the initial wave packet,
giving rise to sharp Bragg maxima. But when the width
of the collimating opening augments, the number of re-
duced unit cells that are coherently lighted decreases, and
for dy ' 0.8 mm only one reduced unit cell is coherently
illuminated along the ŷ direction. Consequently, inter-
ferences coming from different parallel channels, which
are associated with the Bragg mechanism [21, 23], disap-
pear and the unit-cell form factor corresponding to the
interference inside one channel governs the projectile dis-
tribution [23], causing supernumerary rainbow structures
to be visible instead [24].
Such an effect of the width of the collimating aperture
on FAD patterns was also experimentally observed [10].
As shown in Figs. 2 and 3 of Ref. [11], SIVR diffraction
spectra for two different collimating widths - dy = 0.2
mm and dy = 1.0 mm - compare very well with the cor-
responding experimental data extracted from Ref. [10].
For the narrowest aperture (Fig. 2 of Ref. [11]), the
experimental and theoretical distributions present well-
defined Bragg peaks laying on a thick annulus, whose
mean radius is approximately equal to θi. However, these
interference structures completely vanish when the width
of the opening increases, as it happens in Fig. 3 of Ref.
[11], where only maxima at the rainbow deflection angles
are clearly observed.
In the case of a single collimating slit, the thickness
of the annulus corresponding to the (θf , ϕf ) distribu-
tion of scattered projectiles is controlled by the length of
the collimating aperture, increasing as Dx(1) = dx aug-
ments. In Fig. 3 we show angular projectile distributions
derived from the SIVR approach by considering single
collimating slits with the same width - dy = 0.2 mm -
and different lengths. For the small square aperture of
Fig. 3 (a), with dx = dy = 0.2 mm, the Bragg peaks
look like circular spots lying on a thin ring whose radius
is equal to θi. But the thickness of this ring augments as
dx increases, and for dx = 0.5 mm (Fig. 3 (b)) the spots
become slightly elongated strips. For longer collimating
apertures, with dx ' 1.5 mm, not only the length of the
interference fringes augments but also the different Bragg
4orders are situated at different radius, sampling addi-
tional interference structures along the θf - axis. This ef-
fect is related to the θo- spread of the initial wave packet,
which is determined by σθ, being proportional to dx as
given by Eqs. (10) and (8). Large dx values produce a
wide spread of the impact momentum normal to the sur-
face plane, |Koz| = Ko sin θo, revealing interference struc-
tures similar to those observed in the diffraction charts
for different normal energies E⊥ = E sin2 θi. Then, the
intensity oscillations along the θf - axis observed for long
collimating openings are exploring the surface potential
for different distances to the topmost atomic plane.
B. Double collimating slit
Within the limits where Eq. (5) holds, for double col-
limating slits the length of the coherently illuminated re-
gion along the incidence channel is governed by Dx(2) =
b, instead of dx. Therefore, under similar collimating con-
ditions a double-slit collimating device produces a larger
θo- dispersion than the one corresponding to a single slit.
Since a wide θo- spread leads to a large dispersion of the
perpendicular momentumKoz, the angular projectile dis-
tributions derived by using a double aperture with a sep-
aration b of a few millimeters display interference struc-
tures in the final polar angle axis, as observed in Fig. 4.
At the point that b = 5.0 mm, the corresponding angular
distribution resembles the usual diffraction chart, which
is obtained with a single-slit collimator by varying the in-
cidence angle θi, or what is the same, the normal energy
E⊥, to cover the whole perpendicular energy spectrum.
In Fig. 5 we compare the SIVR angular spectrum derived
by using a double-slit collimating device with b = 5.0 mm
with the diffraction chart obtained from the SIVR ap-
proach with a single slit, both collimating apertures with
the same size: dx = dy = 0.2 mm. The similarities be-
tween the projectile distributions of Figs. 5 (a) and 5 (b)
are evident, reinforcing the idea that double collimating
slits might be employed to probe potential energy sur-
faces corresponding to different normal energies, instead
of the commonly used diffraction charts. Similar angular
distributions can be also obtained by employing a single
slit with a sufficiently large dx height.
Lastly, notice that any change in the present colli-
mation setups might affect our results and it should be
specifically investigated by using a generalization of Eq.
(A.8). Moreover, we have considered fixed incidence con-
ditions, i.e., constant de Broglie wavelengths. However,
the spatial spread of the initial wave packet depends on
λ and λ⊥, as given by Eq. (8). Then, a variation of the
incidence energy or angle would modify such a spread,
affecting the shape of the diffraction patterns. Also, the
presence of crystal defects might play a role contributing
to additional angular dispersions.
IV. CONCLUSIONS
We have investigated the effect of the collimation of the
incident beam on FAD patterns by considering a single-
and a double- slit collimator that limits the effective size
of an extended incoherent atom source. Projectile distri-
butions originated by elastic scattering were derived from
the SIVR approximation [13] by incorporating a realistic
description of the coherent initial wave packet in terms
of the collimating parameters. The profile of the initial
wave packet was derived from a model based on the Van
Cittert-Zernike theorem, which relates the effective size
of the beam source with the complex degree of coher-
ence. The theory was applied to helium atoms grazingly
impinging on a LiF(001) surface, considering a fixed in-
cidence condition and different sizes of the rectangular
collimating apertures.
In this work we found that the collimating effects on
the final polar and azimuthal distributions are decoupled.
While the ϕf–distribution is affected by the transversal
width of the collimating slit, the θf– distribution is gov-
erned by the geometrical characteristics of the collimat-
ing device along x. For a single-slit collimator, the SIVR
interference patterns are strongly affected by the width of
the collimating aperture, which makes Bragg peaks (su-
pernumerary rainbows) visible for narrow (wide) aper-
tures. In turn, the length of the collimating opening af-
fects the polar angle distribution of scattered projectiles,
making visible additional intensity oscillations in the θf -
axis for long collimating apertures. This effect is related
to the dispersion of the normal momentum Koz and it is
more evident for a double-slit collimator.
In the case of a double-slit collimating device, the in-
terference patterns along the final polar angle axis are
governed by the separation between slits. By using sep-
aration distances between slits of several millimeters it
would be possible to obtain projectile distributions cov-
ering a wide range of final polar angles. Such distribu-
tions might be used to probe the projectile-surface inter-
action for different normal distances. Finally, it should
be stressed that actual experimental setups can involve
different collimating stages, whose full description is nec-
essary in order to obtain a proper representation of the
collimating effects.
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Appendix: Complex degree of coherence for an
atomic beam passing through a collimating aperture
Here we extend the Van Cittert-Zernike theorem [12] to
evaluate the complex degree of coherence for two points
5- Y1 and Y2 - placed on a plane parallel to the crys-
tal surface at a distance Zo, which is illuminated by an
extended incoherent quasi-monochromatic source after
passing through a collimating aperture. For simplicity
we study the simplest two-dimensional case depicted in
Fig. 6, where one-dimensional emitter source and slit,
with lengths e and d respectively, are considered. The
generalization for the three-dimensional case or for two-
slit collimating devices is straightforward.
As the source is composed by incoherent emitters we
resort to the Van Cittert-Zernike theorem [12] to calcu-
late the mutual intensity function J(Y1, Y2) as
J(Y1, Y2) =
e/2∫
−e/2
dye Io
d/2∫
−d/2
dy1
d/2∫
−d/2
dy2
exp [ik(R1 −R2)]
r1s1r2s2
,
(A.1)
where Io is the intensity of the extended source, assumed
as uniform, k = 2pi/λ is the wave number of the atomic
beam, and Rj = sj + rj , with the distances sj and rj
being indicated in Fig. 6 for j = 1, 2. By considering, as
usually, that the distances Le and Lc between the source
and the collimator and between the collimating slit and
the upon surface plane, respectively, are larger than e, d,
and ∆ = Y1 − Y2, the mutual intensity function can be
reduced, except a constant factor, to :
J(Y1, Y2) = exp [iαo(Y1, Y2)] g (Y1, Y2) , (A.2)
where
g (Y1, Y2) =
e/2∫
−e/2
dye exp [−iyeβo(Y1, Y2)]×
E(Y1, ye)E
∗(Y2, ye) (A.3)
involves a one-dimensional integral and the asterisk indi-
cates the complex conjugate. In Eq. (A.3), the function
E(Yj , ye) is defined as
E(Yj , ye) =
[
C(u(+)j ) + iS(u(+)j )
]
−
[
C(u(−)j ) + iS(u(−)j )
]
,
(A.4)
for j = 1, 2, with C(u) and S(u) the cosine and sine
Fresnel integrals [25],
u
(±)
j =
√
k
piL
(
±d
2
− Le
Ltot
Yj − Lc
Ltot
ye
)
, for j = 1, 2,
(A.5)
and Ltot = Le + Lc. The parameters αo and βo read
αo(Y1, Y2) = k(Y
2
1 − Y 22 )/ (2Ltot) ,
βo(Y1, Y2) = k(Y1 − Y2)/Ltot. (A.6)
Finally, the complex degree of coherence between Y1 and
Y2 is obtained from Eq. (A.2) as
µ(Y1, Y2) =
J(Y1, Y2)√
J(Y1, Y1)J(Y2, Y2)
= (A.7)
= exp [iαo(Y1, Y2)]
g (Y1, Y2)√
g (Y1, Y1) g (Y2, Y2)
,
where the function g (Y1, Y2) is defined by Eq. (A.3).
In this article, in order to derive the profile of the in-
cident wave packet it is convenient to choose Y1 = 0 as
the center of the wave packet, while Y2 = Yo represents
the coherence distance. Hence, the square modulus of
the corresponding complex degree of coherence can be
obtained from Eq. (A.7) as
|µ(Yo)|2 = |g (0, Yo)|
2
g (0, 0) g (Yo, Yo)
. (A.8)
The calculation of the complex degree of coherence from
Eq. (A.8) requires the numerical evaluation of the inte-
gral given by Eq. (A.3). However, analytical expressions
can be obtained by considering two different mathemat-
ical limits; that is
|µ(Yo)|2 ≈ j20(ξ
k
2
Yo), (A.9)
where
ξ =
{
e/Ltot, if e Ltot d/Lc
d/Lc, if e Le/(kd) . (A.10)
Then, if the coherence size of the initial wave packet de-
pends on d, as found in Ref. [10], from Eq. (A.10) we
expect that the effective size of the source was compar-
atively large (in our case, e ' 1 cm) and consequently,
the distance Lc had to be considered in the ξ definition.
For other experimental setups, the numerical calculation
of Eq. (A.8) should be carried out in order to estimate
the value of the parameter ξ.
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FIG. 2: (Color online) Two-dimensional projectile distribu-
tion, as a function of the final dispersion angles θf and ϕf ,
for 1 keV 4He atoms impinging on LiF(001) along the 〈110〉
direction with the incidence angle θi = 0.99 deg. The he-
lium beam is collimated with a single rectangular aperture of
length dx = 1.5 mm and different widths: dy = 0.1, 0.2, 0.4,
0.6, 0.8, and 1.0 mm.
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FIG. 3: (Color online) Similar to Fig. 2 for a single-slit col-
limating device of width dy = 0.2 mm and different lengths:
(a) dx = 0.2 mm, (b) dx = 0.5 mm, (c) dx = 1.5 mm, and
(d) dx = 2.0 mm. In all the panels: dashed line, circle of
radius equal to the incidence angle θi.
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FIG. 4: (Color online) Similar to Fig. 2 for a double-slit
collimating device, each of the apertures of size dx = dy =
0.2 mm. The apertures are separated by a distance b, with:
(a) b = 3.0 mm , and (b) b = 5.0 mm.
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FIG. 5: (Color online) SIVR projectile distributions for 1 keV
4He atoms impinging on LiF(001) along the 〈110〉 channel.
(a) Angular distribution derived by considering the incidence
angle θi = 0.99 deg and a double-slit collimating device with
a separation b = 5.0 mm. (b) Diffraction chart derived by
considering different incidence angles θi and a single-slit col-
limating device. Both collimating apertures of size dx = dy =
0.2 mm.
9_
_
_
_
collimating slit
r1
r2
s1
ye
Lc
y1
y2
Y1
-d/2
d/2
0
-e/2
e/2
Y2
Le
s2

beam source crystal
*
*
*
*
***
*
*
FIG. 6: Depiction of the two-dimensional system considered
in the Appendix, together with the involved coordinates.
